Abstract An interdisciplinary German-Indonesian joint research project on Integrated Water Resources Management (IWRM) focused on the development and exemplary implementation of adapted technologies to improve the water supply situation in a model karst region in southern Java. The project involving 19 sub-projects covers exploration of water resources, water extraction, distribution as well as water quality assurance, and waste water treatment. For the water quality assurance, an appropriate and sustainable drinking water treatment concept was developed and exemplarily implemented. Monitoring results showed that the main quality issue was the contamination with hygienically relevant bacteria. Based on the gained results, a water treatment concept was developed consisting of a central sand filtration prior to the distribution network, a semi-central hygienization where large water volumes are needed to remove bacteria deriving from water distribution and a final point-of-use water treatment. This paper focuses on the development of a central sand filtration plant and some first analysis for the development of a recipe for the local production of ceramic filters for household water treatment. The first results show that arsenic and manganese are leaching from the filters made of local raw material. Though discarding the first, filtrates should be sufficient to reduce arsenic and manganese concentration effectively. Moreover, hydraulic conductivities of filter pots made of 40 % pore-forming agents are presented and discussed.
Introduction
The aim of the Federal Ministry of Education and Research, Bundesministerium für Bildung und Forschung BMBF-funded German-Indonesian joint research project Integrated Water Resources Management (IWRM) in Indonesia was the development and exemplary implementation of appropriate and sustainable solutions to improve the water supply situation for the population of the rural karst area in the district of Gunung Kidul located within the Province of Yogyakarta Special Region in the southern part of central Java. The population is depending on water from the karst aquifer, as there is almost no surface water available due to the poor retention capacity of the karst setting. Especially in the dry season, people are suffering from water scarcity although there is a huge amount of water present in an underground river system which functions as a natural drainage to the Indian Ocean (Uhlig 1980; Haryono and Day 2004; Tiede et al. 2007 ).
In the frame of the IWRM project, water quantity was successfully enhanced using an innovative approach in terms of an underground hydropower-driven water supply to deliver water from the 100-m deep karst aquifer without use of external energy. Thus, it was possible to secure the water supply for some 80,000 people (Nestmann et al. 2012) . However, after the foremost problem was solved and water quantity had been enhanced, further questions had to be addressed, such as water distribution, waste water treatment, and water quality assurance.
Karst aquifers are known to be especially vulnerable to pollutions (Kacaroglu 1999; Goldscheider 2005; Parise and Gunn 2007) due to fast and direct infiltration. In Gunung Kidul, sinkholes allow a direct entering of cow dung and solid waste into the underground river system (Nayono 2014) . Furthermore, waste water treatment in the project region is either insufficient or nonexistent. Waste water is partly discharged directly into the ground or collected in unsealed septic tanks (Fach and Fuchs 2010; Nayono et al. 2010) . Considering the low retention capacity for pollutants of the karst setting, this leads to a high contamination of the karst aquifer particularly with fecal bacteria. Especially during the rainy season, rainwater is washing pollutants, such as the untreated waste water directly into the karst aquifer.
However, there were no data available about water quality of the karst aquifer or the following water distribution network. Therefore, a thorough water quality monitoring had to be implemented in the project region to evaluate the chemical and microbial contamination of the raw water.
The karst aquifer was contaminated with coliform bacteria throughout the year with relatively low concentrations in the dry season. However, in the rainy season, the count of coliform bacteria and E. coli increased dramatically with extreme peaks at the beginning of the rainy season. In a sampling campaign of monthly samples over two years, values for E. coli reached more than 9.600 colony-forming units CFU/100 mL, and total coliforms reached more than 39.000 CFU/100 mL (Matthies et al. 2014) . Results of turbidity measurements supported this data showing peaks of more than 500 nephelometric turbidity units NTU at the rainy season (Fuchs et al. 2015) . This increase results from heavy rainfall in combination with the poor filtration capacity of the karst bedrock.
Moreover, the contamination within the water distribution network and the physico-chemical properties of the raw water were examined to develop an appropriate drinking water treatment concept.
Source water quality assessment Water quality analysis
The implemented water quality monitoring consisted of a water analysis of the karst aquifer from which the water is extracted (Bribin cave), and the following distribution network comprising 11 reservoirs and pump stations (Fig. 1) .
From July 2009 to January 2012, samples were taken once or twice a year from each reservoir along the water distribution network and analyzed using the Colilert Ò and Enterolert Ò system (IDEXX Laboratories, USA) following the manufacturer's instructions. Moreover, an aliquot of source water from the Bribin cave (sample taken in July 2006) was transported to Germany and analyzed at the CIP Chemical Institute Pforzheim GmbH according to the German drinking water regulations (DVGW 2001) . pH and temperature were measured directly at the source.
Results and discussion
Results showed an increasing contamination in the course of the distribution system for the dry season (Matthies et al. 2014) . As shown in Fig. 2 , bacteria counts were increasing within the distribution system from 17 (E. coli) and 44 (enterococci) in the first reservoir to 100-200 (E. coli) and 960 CFU/100 mL (enterococci) in the last reservoir, though values varied in between. Reasons can be found in Fig. 1 Distribution network in the project region the dilapidated pipelines that run mostly above-ground and are heated up by the sun contributing to an intensified growth of bacteria (Matthies et al. 2014) . Moreover, leakages and open reservoirs allow an additional contamination of the distributed water.
In the rainy season, the contamination in the distribution system was much higher, though E. coli and enterococci counts were decreasing within water distribution from 4.880 (E. coli) and 1.990 (enterococci) in the first reservoir to 840 (E. coli) and 160 CFU/100 mL (enterococci) in the last reservoir (see Fig. 3 ).
Drinking water regulations in Indonesia as well as WHO guidelines demand 0 CFU/100 mL for total coliforms and E. coli (Menteri Kesehatan Republik Indonesia 2002; WHO 2011) . However, the monitoring results never conformed to these guidelines.
In summary, the results showed a significant contamination of the water beginning from the karst aquifer. This contamination is increasing throughout the water distribution system (Matthies et al. 2014) . Moreover, the DNA analysis showed that hygienically relevant bacteria, such as Escherichia coli, Enterococcus faecalis, Pseudomonas aeruginosa, Staphylococcus aureus, and Shigella flexneri were present in the distribution system. Consequently, the water needs to be treated before consumption. Otherwise water-borne illnesses are threatening the population.
The water of the karst aquifer was clear and odourless. pH was 7.46 at a temperature of 27.6°C. Electrical conductivity was 444 lS/cm and turbidity was 0.36 NTU (spectral absorption coefficient at 436 nm: 0.5 1/m, at 254 nm: 7.36 1/m). Fluoride was 0.12, nitrate 10.3, nitrite 0.02, ammonium 0.12, chloride 3.6, sulphate 6.3, and boron 0.02 mg/L. Ortho-phosphate was \ 0.03 mg/L, adsorbable organic halogen compounds (AOX) were \ 0.01 mg/L, and total organic carbon (TOC) was 0.28 mg/L. Sodium had a concentration of 3.1, potassium 1.2, magnesium 7.4, and calcium 91.1 mg/L. The hardness calculated as CaCO 3 was 2.58 mmol/L. Acid capacity was 5.04 mmol/L.
In the water of the karst aquifer, no remarkable concentrations of polycyclic aromatic hydrocarbons, benzenes, cyanides, lightly volatile halogenated hydrocarbons, heavy metals, or pesticides could be detected.
Water treatment concept
The water quality monitoring showed that water needs to be treated to prevent illnesses. Currently, people boil the water, which is barely sustainable (Matthies et al. 2014) . Apart from high consumption of fuel (Sobsey 2002) , inhouse boiling on the traditional fires may promote respiratory diseases. Moreover, boiling is often not done properly. Thus, a more sustainable treatment was needed.
Based on the monitoring results and the local boundary conditions, a kind of multibarrier concept was developed that applied simple, low-cost technologies and could mainly do with locally available materials. The water treatment was divided into three phases, including a central sand filtration prior to the distribution network, a semi-central hygienization at village level and a final step at household level (Matthies et al. 2014 ). This water treatment concept was implemented exemplarily in the form of pilot plants. In Fig. 4 , an overview about the whole treatment concept and the corresponding implementation in the project region is given.
Central sand filtration
As the monitoring results showed extremely high turbidity peaks at the beginning of the rainy season, in a first step, an intermittently operated slow sand filtration should be installed centrally prior to water distribution to remove suspended solids and thus protect the distribution system. Thus, especially the high turbidity peaks in the rainy season can be prevented from entering the distribution system. In cooperation with Indonesian partners, this step of the water treatment concept was implemented exemplarily for one part of community directly supplied by the first reservoir, namely reservoir Kaligoro. To develop an optimized design, laboratory experiments with local sands were done. Based on the assumption that 195 m 3 /day of water need to be treated to supply the five sub-villages of the supply zone Kaligoro (total input flow in Kaligoro is 6 192 m 3 /day, 3.5 % is used to supply the five sub-villages, 10 % water loss), a total filter bed area of 50 m 2 was calculated. The preliminary design included six filter beds with a size of 25 m 2 each to allow an alternating operation. However, for the current exemplary implementation, only three such filter beds were installed to validate their performance in field operation (Fuchs et al. 2015) . The construction of the sand filter in Gunung Kidul was executed by the Indonesian project partners and finished in early 2015 (Fig. 4) .
Experimental work
To evaluate the suitability of local sands as filter material, different sands were tested, such as lava sand, beach sand, activated 5 sand, zeolite, and silica sand. From those five types of sand, lava and beach sand showed the best performance on removing turbidity (Fuchs et al. 2015) . In addition, a similar study was conducted to investigate the performance of lava and beach sand on handling high turbidity levels. Two filter columns with a six-inch diameter were used during the experiment. Characteristics of these filter columns are shown in Table 1 . Both columns were operated intermittently under a constant level of supernatant water.
The influent was artificial raw water with a turbidity value of approximately 500 NTU. To achieve this turbidity level, Indonesian tap water mixed with mud from an underground river in the project region as surrogate material. During the experiment, in which 10 L were applied to each column every day, the lava sand filter column was operated at a median filtration rate of 0.09 m/h and the beach sand filter column was operated at a median filtration rate of 0.24 m/h. Since the filter columns were built from dark PVC pipe, the growth of a so-called ''Schmutzdecke'' (comprising filtered particulate matter and biofilm) could not be observed. After start-up of the tests, effluent samples were taken on a daily basis (1-5 samples per day) and evaluated for turbidity. Subsequently, the filter media were tested on performance regarding total coliform and E. coli removal (Fuchs et al. 2015) .
Results and discussion
As far as turbidity removal is concerned, both filter media showed the excellent performance (Fig. 5) . Both filtering materials could remove the impurities from 500 to below (Fuchs et al. 2015) . Therefore, lava sand was chosen as filter material for the slow sand filtration plant (Fig. 6 ).
As lava sand was chosen, it was tested on total coliform and E. coli removal to get an idea on bacteria removal efficiency. The experimental result was considerably positive, since lava sand achieved an average log removal of 1.26-2.24 log 10 -units (95.79-99.46 %) for total coliforms and 1.43-1.90 log 10 -units (96.66-98.37 %) for E. coli (Fuchs et al. 2015) . Despite the high removal capacity, the values of total coliform bacteria and E. coli remaining in the filtrate were still above the Indonesian standard value for drinking water. Consequently, a disinfection process at the point-of-use was suggested to ensure a safe water quality.
Semi-central hygienization
The fall-off in water quality during water distribution demands a second phase in terms of a hygienization step after the main distribution network. This hygienization step is implemented at a semi-central level, but close to the consumer to remove bacteria that derive from the dilapidated water distribution system. It is installed once on village level or at public places where a high water amount is needed, for instance at schools.
To find the most appropriate technology for this water treatment step, four selected technologies were installed in an oversea container which functions as a field laboratory (Fig. 7) to test the treatment options under the local conditions (Matthies et al. 2014) . As experiments were conducted with untreated water from the karst aquifer, sand filtration was used as a pre-treatment to remove turbidity.
Chlorination and UV disinfection were tested as two standard technologies that are widely spread, especially in industrialized countries. Finally, an ultra-filtration system was installed using 50-or 200-nm ceramic membranes which belong to the less expensive ultra-filtration technologies and are relatively stable and easy to handle. The technologies were chosen based on the local boundary conditions, such as availability of basic material, poor infrastructure and power supply, lack of adequately trained people, and lack of means for costly water treatment systems.
UV disinfection and chlorination were relatively vulnerable to the local conditions, such as fluctuations in power supply or quality of local raw water and chemicals. Results of the experiments under the local conditions suggest that a combination of sand filtration as a pre- treatment and ultra-filtration with ceramic membranes might be the best solution for the water hygienization step (Matthies et al. 2014 ).
Point-of-use ceramic filters
The project region clearly belongs to the regions where piped water is contaminated and water becomes contaminated during storage. Thus, as recommended in the WHO guidelines for drinking water quality, point-of-use water treatment has the potential to significantly improve the health of the users (WHO 2011). The monitoring findings and the growing understanding of the local habits during the work in the pilot village Pucanganom emphasized the need of this third treatment step on household level. Currently, households in the villages in the project region get tap water irregularly. Normally, three or four households share one tap to save money. To store the water for later use, people fill it into open tanks at the household level which are also used for settling of particles. Mostly, they mix the turbid and hard tap water with rain water to get softer and less turbid water. However, due to the fact that these reservoirs are generally not covered, waste, animals, and other organic material can enter the water and are decomposed in the reservoirs. Therefore, the water is recontaminated and microorganisms are multiplying in the tropical heat. Analysis showed that bacterial counts are relatively high in these tanks, including hygienically relevant bacteria. Moreover, algae as well as cyanobacteria could be detected.
Therefore, a water treatment at the household level was needed. For this treatment step, a point-of-use ceramic filtration was chosen, as it is simple, can be produced locally with locally available clay and is thus more easily accepted by the people. As a pre-treatment, the local open settling reservoirs were optimized through covering and installing a gravel filter at an outlet to remove turbidity.
The use of ceramic filters is promoted by the nongovernmental organization (NGO) Potters for Peace (PFP) and is approved by the WHO (WHO/UNICEF 2012). Filters are already used in several countries, such as Nicaragua (Lantagne 2001a, b) , Cambodia (Brown 2007) , and Ghana (Halem 2006). As a basis for developing an appropriate filter for the project region, filters produced and promoted in the western part of the Indonesian island Java (Pelita Indonesia, Bandung, and Indonesia) were extensively analyzed in a laboratory as well as in the field. Results showed that filters were efficient in bacteria removal with 3-5 logs (Matthies et al. 2015) and well accepted by the users in the village. An important aim was to facilitate the production of the ceramic filters in local potteries with locally available material.
Thus, a recipe and firing profile needed to be developed for local production of ceramic filters. Therefore, in a first step, filter pots were produced from local clay, mixed with sawdust or rice husks as pore-forming material to assess the suitability of the material.
Experimental work
As a first step, the pore-forming agents (sawdust and rice husks) were mixed with clay in a volume ratio of 40:60. Pots were fired at a temperature of 850°C which was similar to the temperature reported by the manufacturer Pelita Indonesia which was 832°C (Matthies et al. 2015) . In Fig. 8 , the filter pots made of rice husks (left) and sawdust (right) are shown. The filters had a reddish color and a volume of about 1.6 L. It was remarkable that the surface of the filters made of sawdust was much smoother Fig. 7 Field laboratory installed at hospital of Wonosari. Left Picture explains the water treatment technologies in Indonesian language, as the laboratory is situated next to the future public parking for the hospital. Right Inside container compared to the filters made of rice husks, which were also quite crumbly.
Pore size distribution An important parameter for flow rate and bacteria retention is the pore size distribution of the ceramic filter material. Therefore, the pore size distribution was determined in duplicates for filters, containing 40 % sawdust or rice husks by the ceramics institute Forschungsinstitut für Anorganische Werkstoffe -Glas/Keramik -GmbH (FGK) in Höhr-Grenzhausen, Germany. Ceramic samples were cut into pieces with a diamond saw and dried at 110°C. About 0.4-1 g of sample analyzed using mercury intrusion porosimetry following the German standard DIN 66133.
Flow rate and hydraulic conductivity of filter pots To determine the flow rate, pots were fully soaked with tap water and filled completely. The water head was measured every 5-30 min, and flow rate was determined depending on the water head. This measurement was repeated nine times for each filter pot. The hydraulic conductivity was calculated on the basis of the equations described by Schweitzer et al. (2013) deriving from Darcy's equation.
Physico-chemical analysis of filtered water As leaching of heavy metals has been reported of some ceramic filters (Tun 2009; Halem 2006) and could also be detected in low concentrations in a previous study on the filter produced by Pelita Indonesia (Matthies et al. 2015) , a physico-chemical performance analysis was conducted. Therefore, the first filtrates (F1 to F18) of one filter consisting of 40 % sawdust were analyzed at the CIP Chemical Institute Pforzheim GmbH according to the German drinking water regulations (DVGW 2001) . In addition, some filtrates of one filter consisting of 40 % rice husks were included in the analysis.
Results and discussion
Pore size distribution As shown in Fig. 9 , pore sizes ranged from 0.003 to 100 lm. Incremental intrusion showed one group of peaks between 0.006 and 0.04 lm and another group of peaks reaching from 2 to 100 lm. The ceramic samples containing sawdust showed a group of peaks reaching from 2 to 40 lm pore diameter with a maximum incremental intrusion of about 0.036 mL/g at 26.8 lm pore size. In contrast, samples containing rice husks showed a group of peaks reaching from 2 to 100 lm pore size (or even higher) with a maximum incremental intrusion of 0.02 mL/g at 36 lm.
Thus, the ceramic filters made of rice husks as poreforming agents had less big pores compared to those made of sawdust. However, they contained some pores that had a much higher diameter compared to pores in sawdust samples.
Flow rate and hydraulic conductivity of filter pots As expected, the flow rates decreased with decreasing water head for all filters. In Fig. 10 , flow rates are shown exemplarily for the nine runs of one filter pot made of rice husks and one made of sawdust.
Throughout the nine runs, a median flow rate of 1.2-1.9 L/h for the filter made of rice husks and 1.2-2.4 L/ h for the filter containing 40 % sawdust were obtained (Fig. 11) . Thus, hydraulic conductivities were about 1.4 to 2.1 9 10 -6 m/s for rice husk filters and 1.2-2.4 9 10 -6 m/s for sawdust filters. These hydraulic conductivities were higher than those observed in studies on PFP ceramic filters by (1.3-1.37 9 10 -7 m/s), Annan et al. (1.46 9 10 -7 m/s) or Oyanedel-Craver and Smith (1.15-5.01 9 10 -7 m/s) (Halem 2006; Oyanedel-Craver and Smith 2008; Annan et al. 2014 ). This high flow rate and hydraulic conductivity most probably resulted from the big pore sizes and could be reduced by intensified sieving or milling of the poreforming agents or by the addition of lower concentrations of pore-forming agents to the clay mixture.
Physico-chemical analysis of filtered water Physicochemical analysis of the filtrates obtained from the filter pot containing 40 % sawdust (see Table 2 ) showed that the pH of the filtrates seemed slightly increased with values varying from 8.2 to 8.6 for filtrates F2 to F18, while the pH of the feed tap water was about 7.4. Respectively, calcite solubility decreased from -4.7 (F1) to -67.5 mg/L (F16), while the tap water showed a value of -17 mg/L. Apart from an increased conductivity in the first filtrate, no significant changes in electrical conductivity (EC) or hardness could be observed in the filtered water. Values for total organic carbon behaved similarly with a peak of 5.3 mg/L in the first filtrate and varying values of 0.5-1.1 mg/L in the following filtrates (tap water 0.6 mg/L). Calcium and magnesium concentrations were not significantly influenced by filtration. However, sodium and potassium showed increased concentrations in the first filtrates decreasing again to the level present in the tap water after three (for sodium) to 8 L (for potassium) were filtered. Values for turbidity and color absorption were increased in the filtrates. The first filtrate had a peak of about 3.2 NTU (tap water 0.15 NTU) and a color absorption of 62.5 (tap water 0.9) at a wave length of 254 nm. In the second filtrate, these values already dropped to 0.8 NTU and to a color absorption at 254 nm of 23.5. Turbidity values varied from 0.18 to 0.38 NTU in filtrates F12 to F18, while absorption at 254 nm continuously decreased further to 5.4 in F18. Regarding leaching of heavy metals, only arsenic and manganese showed increased concentrations in the filtrates. Both elements showed a peak in concentration in the second filtrate. Values for arsenic decreased from 0.036 mg/L in F2 to 0.015 mg/L in F18. Concentrations for manganese rapidly dropped from 0.18 mg/L in F2 to below 0.01 mg/L in F14.
The second filtrate (F2) of the filter containing 40 % rice husks showed similar values compared to F2 of the filter made of 40 % sawdust with a concentration of 0.012-mg/L arsenic and 0.47-mg/L manganese. Arsenic concentration dropped to 0.006 mg/L in F7 and 0.003 mg/L in F10, while manganese concentration dropped to 0.048 mg/L in F7. It is remarkable that less arsenic and more manganese seemed to be leaching from the filters made of rice husks. However, this might be due to varying clay sources. Though manganese concentrations exceeded the maximum permissible value of 0.05 mg/L following the German drinking water regulation (DVGW 2001) in the first filtrates, the WHO health-based value of 0.4 mg/L (WHO 2011) was reached only in the second filtrate of the rice husk filter. The threshold value of 0.01 mg/L for arsenic given by the WHO as well as the German drinking water regulation (DVGW 2001; WHO 2011) was exceeded in the first filtrate of the rice husk filter and the filtrates of the sawdust filter. However, the concentration of manganese was dropping very rapidly and arsenic concentrations were decreasing as well. A flushing of the filter before use is, therefore, strongly recommended. 
Summary and conclusion
An extensive water quality analysis of source water and within a water distribution system in the model region Gunung Kidul of the ''IWRM Indonesia'' R&D project revealed the necessity of a kind of multibarrier water treatment concept consisting of a central protecting treatment step prior to the distribution system, a semi-central hygienization where high water volumes need to be treated and a final treatment step at household level.
Preliminary experiments for the development of an appropriate design for a central slow sand filtration showed that both lava and beach sand had a good turbidity removal. However, it was decided to use lava sand as filter material for the slow sand filtration plant which also showed a high removal capacity for total coliform bacteria and E. coli.
Field laboratory experiments revealed that a combination of pre-filtration through a sand filter and ultra-filtration through ceramic membranes might be the best technology for a semi-central hygienization in the project region.
The work with local people in the villages emphasized that a point-of-use water treatment was most important for the treatment concept. For this final water treatment at household level, a ceramic filter was chosen based on the filters promoted by Potters for Peace as these show good bacteria removal and are well accepted by the population. However, these filters were not available in the project region and rarely available in the nearest big city Yogyakarta. Thus, a local production of ceramic filters was planned that would use the already existing infrastructure of potteries in Kasongan, Yogyakarta. This local production of filters should not only provide new jobs, it also should contribute to a more sustainable use of filters, as users would be able to contact the potteries when problems occur. Moreover, a concept for recycling used filters was planned.
To enable a local production of these filters, the locally available raw material was tested for applicability. In this study, filter pots were made of local clay and sawdust as well as rice husks as pore-forming agents.
The use of rice husks as pore-forming agents resulted in bigger pore diameters compared to sawdust, while sawdust had more big pores compared to rice husks. Moreover, the flow rate and hydraulic conductivity of filters made of sawdust were higher compared to rice husk filters. The hydraulic conductivity was quite high compared to literature which suggests that lower concentrations of poreforming agents should be tested as bacteria removal capacity is known to be influenced by pore sizes and flow rate.
Both tested filters showed leaching of arsenic and manganese with initial concentrations above the WHO guideline thresholds. However, the concentrations were decreasing in following filtrates, and a thorough flushing of the filter and discard of first filtrates before use is sufficient to exclude health-relevant concentrations of arsenic and manganese in the filtered water.
Though ceramic filters were well accepted by the local population in a field study (Matthies et al. 2015) , to ensure a correct handling of the filter, repeated trainings were needed. One of the facts that were hard to convey was the use of clean filtered water for cleaning of the filter. People did not want to spend this precious clean water for cleaning, and we needed some time to convince them that the ''clean side'' of the filter must not be contaminated by dirty water. One local even bathed the filter in dirty water. These observations supported the idea of an optimized version of the ceramic filter that is easier to maintain. Thus, in further studies, an optimized recipe and filter design as well as bacteria removal of the filters are addressed. This work is done in collaboration with the Ceramics Institute (FGK) in Höhr-Grenzhausen, Germany.
